Abstract. Hepatic stellate cells (HSCs) are important in the development of liver fibrosis and in the pathogenesis of portal hypertension. Octreotide, an analogue of somatostatin, has been demonstrated to effectively treat fibrosis and portal hypertension; however, its relative mechanism in HSCs remains unknown. LX-2, the immortalized HSC line, was used to study the mechanism whereby octreotide functions at different concentrations. Real-time polymerase chain reaction (PCR) and western blot analysis were used to analyze the expression of fibrosis markers and transcription factors following treatment with octreotide. Soluble secreted endothelin-1 (ET-1), collagen I and vascular endothelial growth factor (VEGF) were assessed in the supernatants of cultured cells by enzyme-linked immunosorbent assay (ELISA). In the present study, it was shown that octreotide was able to inhibit the proliferative ability of the LX-2 cells and decrease the expression of transforming growth factor β (TGF-β), α-smooth muscle actin (α-SMA) and smad-4a. The transcription factors, including c-Jun and sp-1, were downregulated in a dose-dependent manner following treatment with octreotide. The levels of ET-1 and collagen I in the supernatant decreased significantly in contrast with the normal levels, whereas the levels of VEGF in the LX-2 cells and the supernatant increased at a high octreotide concentration (10 -5 nM). Octreotide may exert its effects on ET-1 or other targeting genes in HSCs through the downregulation of c-Jun and specificity protein 1 (sp-1), and the increased levels of VEGF may be the reason for the side effects observed at high concentrations of octreotide.
Introduction
Hepatic fibrosis is a healing response to all causes of chronic hepatic injury. However, it also leads to numerous clinically significant problems that are correlated with the progression of portal hypertension and liver failure (1, 2) .
Hepatic stellate cells (HSCs) are a key source of extracellular matrix (ECM). The activation of HSCs is one of the key steps in the development of liver fibrosis (3, 4) , which is a common pathological change characterized by an excessive deposition of ECM that occurs in the majority of types of chronic liver diseases. In vitro and in vivo studies have suggested that HSCs are also involved in the regulation of the liver microcirculation and the pathogenesis of portal hypertension (5) . HSCs comprise 15% of the total number of resident liver cells and reside in the space of Disse in close contact with sinusoidal endothelial cells and hepatocytes (6) . HSCs activated by liver injury lose retinoids and increase the level of ECM. HSCs also express α-smooth muscle actin (α-SMA) and possess contractile abilities (7) .
Somatostatin, a significant peptide for inhibiting cell proli fe ration and differentiation, is able to retard the growth of various types of cells by blocking the synthesis and/or secretion of numerous key cytokines and hormones (8) (9) (10) (11) (12) . At a low dose, somatostatin may exert antiproliferative and proapoptotic activities on activated HSCs. This result may provide a basis for utilizing somatostatin and potentially its analogue, octreotide, to protect and treat individuals suffering from hepatic fibrosis. However, the underlying mechanisms require further investigation.
The primary objective of the present study was to evaluate the effects of octreotide on hepatic fibrosis in the immortalized HSC cell line, LX-2. The mechanism of octreotide in LX-2 was also investigated.
Materials and methods
Cell culture. The human immortalized HSC line, LX-2, was obtained from the Shanghai Fuxing Biotechnology Co., China. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin and 100 g/ml streptomycin, and
The mechanism through which octreotide inhibits hepatic stellate cell activity Carlsbad, CA, USA) and centrifuged at 10,000 x g, at 4˚C for 15 min, in the presence of chloroform. The upper aqueous phase was collected, and total RNA was precipitated by the addition of isopropanol and centrifugation at 7,500 x g at 4˚C for 5 min. RNA pellets were washed with 75% ethanol, dried and reconstituted with sterile water. The concentration was determined by measuring the absorbance at 490 nm with a spectrophotometer. Total RNA was reverse transcribed in a final volume of 10 µl using an RNA polymerase chain reaction (PCR) kit (Takara Bio, Inc., Katsushika, Tokyo, Japan). Primers were designed using Primer 5.0 software and the sequences were as follows: Human c-Jun forward, 5'-AGGAGGAGCCTC AGACAGTG-3' and reverse, 5'-TGTTTAAGCTGTGCC ACCTG-3'; α-SMA forward, 5'-AGGGAGTAATGGTTG GAATGGG-3' and reverse, 5'-GGAGTACGGTACGCAGA-3'; smad-4 forward, 5'-GGCAGCCATAGTGAAGGACTG-3' and reverse, 5'-GGC GGGTGGTGCTGAAGATGG-3'; sp-1 forward, 5'-AAG AAATGACCTTAGGAACATACCC-3' and reverse, 5'-CCGTATATGTCTACACACAGATGAC-3'; VEGF forward, 5'-CGGGAACCAGATCTCTCACC-3' and reverse, 5'-AAAATGGCGAATCCAATTCC-3'; TGF-β forward, 5'-AAGGCCAAATATCCCAAACA-3' and reverse, 5'-CCA ACATTCTCTCATAATTTTAGCC-3'; glyceraldehyde 3-phosphate dehydrogenase (GAPDH; used as an endogenous standard) forward, 5'-ACATGTTCCAATATGATTCC-3' and reverse, 5'-TGGACTCCACGACGTACTCAG-3'. Real-time PCR reactions were conducted using the LightCycler 480 instrument (Roche Molecular Biochemicals, Mannheim, Germany) and performed according to the manufacturer's instructions. Reactions were conducted in a tube with a total volume of 10 µl, which consisted of 1 µl cDNA, 5 µl SYBR-Green real-time PCR master mix (Toyobo Co., Ltd., Osaka, Japan) and 1 µl each primer. Fluorescent signals were captured during each of the 40 cycles (denaturizing for 10 sec at 95˚C, annealing for 15 sec at 60˚C and extension for 30 sec at 72˚C). GAPDH was used as a reference gene for normalization and water was used as the negative control. Relative quantification was calculated using the comparative threshold cycle (CT), which was inversely related to the abundance of mRNA transcripts in the initial sample. The mean CT of the duplicate measurements was used to calculate ΔCT as the difference in CT for the target and reference. The relative quantity of the product was expressed as the fold-induction of the target gene compared with the reference gene, according to the formula 2 -ΔΔCT , where ΔΔCT represented ΔCT values normalized with the mean ΔCT of the control samples.
Western blot analysis of c-Jun, sp-1, VEGF and GAPDH in cultured cells. Cultured cells were individually homogenized in a buffer solution with 20 mm Tris-HCl (pH 7.4) containing 1% Triton X-100, 0.1% SDS, 50 mm NaCl, 2.5 mm EDTA, 1 mm Na 4 P 2 O 7, 10 mm H 2 O, 20 mm NaF, 1 mm Na 3 VO 4 , 2 mm Pefabloc and a cocktail of protease inhibitors (Complete Mini; Roche Applied Science, Indianapolis, IN, USA), then centrifuged at 16,000 x g for 5 min at 4˚C. Supernatants were collected following centrifugation, and the protein concentrations were determined using the BCA Protein Assay kit (Thermo Fisher Scientific, Rockford, IL, USA). Total protein was separated by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) and transblotted onto nitrocellulose membranes (GE Healthcare, Piscataway, NJ, USA). Western blot analysis was conducted using antibodies against c-Jun, sp-1 and VEGF (Abcam, Cambridge, UK) at a 1,000-fold dilution. All primary and secondary antibodies were diluted in 5% dry skimmed milk in Tris-buffered saline with Tween [TBST; 0.02 M Tris base and 0.137 M NaCl in distilled water (pH 7.6) containing 0.1% Tween -20] . Immunosignals were visualized with the Protein Detector BCIP/NBT Western Blot kit (Beyotime Institute of Biotechnology, Shanghai, China) according to the manufacturer's instructions. Quantification was conducted using ImageQuant 5.2 software. An additional membrane prepared following the same protocol was probed with anti-GADPH antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) to normalize the sample loading.
MTT assay. LX-2 was plated into 96-well plates at a density of 5x10 5 cells/well in 100 µM growth medium, and allowed to grow overnight to reach ~85% confluence. Three different concentrations of octreotide in 100 ml growth medium (10 -5 , 10 -6 and 10 -7 nM) were added to the wells. Following incubation for 48 h, the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was used to measure cell proliferation. In brief, 20 ml of 5 mg/ml MTT was added to each well and the cells were incubated at 37˚C for 4 h. The MTT was then removed and replaced with 100 ml dimethyl sulfoxide (Sigma, St. Louis, MO, USA) for further incubation for 10 min at 37˚C, until the crystals had dissolved. The optical density (OD) value of each well was measured using a microplate reader (ELx800; BioTek Instruments, Winooski, VT, USA) with a test wavelength of 570 nm. For each concentration or control, triplicate determinations were made.
Measurement of soluble secreted ET-1, collagen I and VEGF.
Cells were seeded in high-glucose Dulbecco's Modified Eagle's Medium (DMEM) containing 1% FBS 24 h prior to octreotide treatment. The total soluble secreted ET-1 (R&D Systems, Minneapolis, MN, USA), VEGF (R&D Systems) and collagen I (Cosmo Bio, Co., Ltd., Tokyo, Japan) in the culture supernatants in the absence or presence of octreotide for 48 h was measured using a sandwich ELISA, according to the manufacturer's instructions for each kit. Briefly, microtiter wells were pre-coated for overnight 1:20 dilutions of LX-2 cell conditioned medium supernatant. The plates were then developed by the addition of biotinylated antibodies against ET-1, VEGF or collagen I, followed by avidin-conjugated horseradish peroxidase. The color reaction was developed using a tetramethylbenzidine substrate solution and the absorbance was measured at 450 nm using a Model 550 plate reader (BioRad, Hercules, CA, USA). The assay was performed in triplicate and the mean values of each sample were calculated.
Statistical analysis. The statistical significance of the differences between the means was assessed by a one-way analysis of variance (ANOVA) for multiple comparisons and an independent-sample Student's t-test. Differences between two or more groups were analyzed using the Mann-Whitney U test or the Kruskal-Wallis test. Statistical analyses were performed with SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Octreotide inhibits LX-2 proliferation.
To investigate the function of the analogue of somatostatin, octreotide, we analyzed the rate of cell growth in LX-2 cells following treatment at concentrations of 10 -5 , 10 -6 and 10 -7 nM. LX-2 cells without any treatment were selected as the controls. The results showed a significant decrease in cell proliferation, in a concentration-dependent manner, compared with the controls, when examined by the MTT assay (P<0.05). In addition, the inhibitory rates of the octreotide treatment groups increased to 27.5 and 49.8% when the concentration was 10 -7 and 10 -5 nM, respectively (Fig. 1) .
Octreotide alleviates the fibrogenesis function of HSCs. In order to determine whether octreotide was able to alleviate fibrosis in LX-2 cells, we selected TGF-β (a potent profibrogenic cytokine proposed to play a central role in regulating tissue fibrosis), α-SMA and smad-4α (two major profibrogenic cytokines implicated in the development of liver fibrosis). Real-time PCR analysis of extracted mRNA samples of the cultured cells revealed decreased levels of TGF-β1 ( Fig. 2A) , α-SMA (Fig. 2B ) and smad-4α (Fig. 2C ) expression in the octreotide group, thus illustrating its inhibitory effects on profibrogenic gene expression.
ET-1 and collagen I expression levels decrease following treatment with octreotide. To investigate whether octreotide was directly involved in collagen Ⅰ and ET-1 production in activated HSCs, we analyzed the effect of octreotide on secreted collagen I and ET-1 production using the LX-2 cell line. As indicated, the level of soluble secreted ET-1 (Fig. 3A) and collagen I (Fig. 3B ) in the supernatant of the octreotide-treated LX-2 cells was lower than that produced by the control cells.
Octreotide attenuates hypertension and fibrosis through the inhibition of c-Jun and sp-1 expression.
Previous studies have demonstrated that IFN-γ signals to c-Jun to negatively regulate preproET-1 transcription. Combined with our results, it may be proposed that octreotide decreases ET-1 expression. We hypothesized that octreotide may target c-Jun or other transcription factors, either directly or indirectly, which in turn may mediate the inhibitory effect of octreotide on the expression of fibrosis-related genes. Sp-1 also demonstrated a protective function against apoptosis and injury. As demonstrated in Fig. 4A , the c-Jun protein levels significantly decreased compared with the control, following octreotide exposure for 48 h (Fig. 4A) . We also examined c-Jun mRNA expression following octreotide treatment. Notably, the c-Jun protein levels were markedly reduced at 48 h, while octreotide maintained its inhibitory effect throughout this time (Fig. 4C ).
In addition, the level of sp-1 was observed to decrease at the transcriptional and translational levels ( Fig. 4B and D, respectively). In conclusion, octreotide may ameliorate fibrosis by downregulating c-Jun and sp-1.
Octreotide increases VEGF expression in LX-2 cells.
To analyze the effects of octreotide on VEGF activity, LX-2 cells were treated with octreotide for 48 h at various concentrations. The VEGF mRNA transcription, protein and secreted soluble protein levels were quantified by real-time RT-PCR, western blot analysis and ELISA, respectively. Octreotide increased the expression of VEGF mRNA when at a higher concentration (10 -5 nM), but this declined to the normal level as the concentration was decreased. The ELISA results revealed the same tendency for VEGF at a high octreotide concentration (10 -5 nM; Fig. 5A-C) .
Discussion
Activated hepatic stellate cells (HSCs) are key participants in hepatic fibrosis. In vivo and in vitro studies have suggested that HSCs are also involved in the regulation of the liver microcirculation and the pathogenesis of portal hypertension. Thus, the induction of HSC apoptosis has been proposed as an antifibrotic treatment strategy. Consistent with other studies (13), at a low dose, octreotide, the analogue of somatostatin, was demonstrated to exert antiproliferative actions on LX-2 cells and to inhibit the expression of α-SMA, smad-4 and TGF-β, which are all markers of fibrosis. The aforementioned LX-2 cell line makes it feasible to clarify the mechanism whereby octreotide exerts its effects on HSCs.
ET-1, a powerful vasoconstrictor peptide, is produced by activated HSCs and promotes cell proliferation, fibrogenesis and contraction; the latter of which has been proposed to be mechanistically linked to portal hypertension in cirrhosis. In the present study, we found that octreotide downregulated ET-1 expression in LX-2 cells, which suggested an additional plausible pathway that ET-1 may use during the attenuation of portal hypertension. In a study by Li et al, it was demonstrated that the IFNγ-induced inhibition of preproET-1 mRNA expression was closely linked to the AP-1 and Smad3 signaling pathways (14) . IFNγ reduced JNK phosphorylation, which was correlated with the decrease in phosphorylation of downstream factors, c-Jun and Smad3, and the decrease in the binding activity of c-Jun and Smad3 in the preproET-1 promoter. Notably, IFN-γ reduced c-Jun mRNA and protein levels (14) . To investigate whether transcription factors participated in octreotide-induced effects, we screened susceptible factors, including cox-2, c-fos, c-Jun, sp-1, c-myc, fra-1, vhl and Jun-B, and found that the c-Jun and sp-1 levels significantly decreased (the data with regard to the remaining transcription factors are not shown), suggesting that the two transcription factors may be accountable for the effects of octreotide.
It has been demonstrated that c-Jun is able to promote pulmonary artery endothelial cell (PAEC) growth and angiogenesis during pulmonary arterial hypertension (15) . Furthermore, c-Jun also functions as a downstream mediator of the pro-fibrotic effects of TGF-β and platelet-derived growth factor (PDGF) in systemic sclerosis (SSc) fibroblasts (16) . Drugs that block the p38/AP-1 pathway may inhibit liver extracellular matrix synthesis and suppress liver fibrosis (17) . Certain studies have found that all-trans retinoic acid (ATRA) was capable of inhibiting the proliferation and collagen production of HSCs via the suppression of active protein-1 and the c-Jun N-terminal kinase signal, and subsequently by decreasing the mRNA expression of the profibrogenic genes (18) (19) (20) . The aforementioned findings suggest that c-Jun has important roles in the octreotide-induced ease of portal hypertension and in decreased fibrosis.
An increased activation of sp-1 was identified under conditions in which estrodial enhanced growth and reduced TNFα-induced apoptosis in human umbilical vein endothelial cells (HUVEC) (21) . Evans et al demonstrated that signaling through CD31 in endothelial cells leads to protection from apoptosis in association with activation of the transcription factor sp-1 (22) . Kang and Chen demonstrated that curcumin inhibits srebp-2 expression in cultured HSCs by reducing sp-1 activity (23) . Furthermore, the transient overexpression of integrin αvβ5 in normal fibroblasts has been demonstrated to enhance human α2(I) collagen promoter activity through 
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A sp-1 (24) . Although the targeting genes of c-Jun and sp-1 require further study, the fact that these genes are involved in octreotide-induced effects suggests that it may be possible to develop medicines that target these transcription factors, in order to treat fibrosis and portal hypertension in the liver.
In the present study, we also found that the expression of VEGF increased with 10 -5 nM octreotide, but decreased to normal levels when the octreotide concentration declined. As determined previously, VEGF promoted angiogenesis and fibrosis, which affect portal hypertention, under abnormal conditions. However, the in vitro antiangiogenic effects of somatostatin and its analogues are likely to be efficiently counterbalanced in the tumor microenvironment by the concomitant release of proangiogenic factors, including VEGF (25), which may account for the elevated level of VEGF in our study. Experimental and clinical studies have clearly demonstrated that hepatic angiogenesis, irrespective of aetiology, occurs in conditions of chronic liver diseases (CLDs), and is characterized by perpetuation of cell injury and death, the inflammatory response and progressive fibrogenesis. Angiogenesis and associated changes in the liver vascular architecture, which in turn increase vascular resistance and portal hypertension and decrease parenchymal perfusion, have been proposed to favour the fibrogenic progression of the disease towards the endpoint of cirrhosis. Therefore, upregulated VEGF may be accountable for the side-effects of octreotide treatment at high doses (26) . Rosmorduc demonstrated that antiangiogenic therapies may therefore, by limiting liver fibrosis and *** inflammation in cirrhosis, prevent the occurrence of severe complications, including portal hypertension and potentially, liver cancer (27) . Therefore, the combination of octreotide and antiangiogenic therapy has potential if long-term administration at a high concentration is necessary.
There were certain limitations to the present study; the transcription factors were not screened systematically and their exact roles remained unknown. Therefore, further study is required.
In the present study, we have demonstrated that the effects of octreotide on HSCs were elicited to alleviate fibrosis and hypertension by downregulating c-Jun and sp-1, and that the downstream targets require further investigation. Furthermore, VEGF levels increased at a high octreotide concentration, which may explain the side-effects of a long-term administration of octreotide at high concentrations.
